The propagation of a kink soliton through a perpendicularly magnetized antiferromagnetically coupled multilayer stack has been imaged by scanning laser Kerr microscopy. The soliton behavior allows layer-by-layer reversal leading to clear evidence of changes of switching behavior of di®erent layers in the stack. We¯nd that the density of domain nucleation sites is dependent on the con¯guration of the neighboring layers as well as height up the stack. By growing a series of single layer and coupled trilayer samples, we are able to explain the trends in nucleation seen in the soliton stack in terms of pinhole and orange peel coupling, in agreement with STEM (Scanning transmission electron microscope) imaging.
Introduction
Traditional applications of magnetic materials to computing have focused on using the hysteresis present in many magnetic materials for nonvolatile memory and data storage. Originally this was manifested as magnetic recording on tape and hard disk. In recent years a nonvolatile solid state memory known as magnetic random access memory (MRAM) has emerged. However, memory is only half of computing. As important as storing information is the ability to perform simple binary calculations and to move information from place to place. This latter function is usually referred to as logic. In recent years a number of researchers have been considering the possibility of implementing digital logic using magnetic materials and spintronic concepts. [1] [2] [3] Magnetic materials are well suited to logic. Materials with a square hysteresis loop are intrinsically binary (only two possible magnetic states) and that magnetic state can often be changed with only a small expenditure of energy. The response of the magnetic state of square-looped materials is also highly non-linear until the coercivē eld is reached, the material does not respond at all but as soon as the coercivity is exceeded, the entire state of the material reverses. These are the characteristics that lead to excellent Boolean logic devices. Furthermore, a number of phenomena exist which couple the state of one magnetic element to that of another (for example, dipolar coupling or RKKY coupling), allowing the possibility of not only performing a single Boolean calculation but also of passing the result to another processing element directly without having to invoke electrical currents.
In recent work, 3 we demonstrated the enticing possibility of using magnetic logic concepts to implement a truly 3D computational device in which information passes between magnetic layers vertically. We showed how a spintronic shift register could be implemented by carefully controlling the thickness and interlayer coupling strengths of a magnetic superlattice (SL), allowing information to be synchronously shifted layer to layer on successive clock pulses. In this paper, we examine the shifting process more closely, with particular emphasis on the magnetic domain structure present in each magnetic layer at the instant of passing information between layers.
The shift register behavior is well described by an Ising-Macrospin model which assumes that each layer instantaneously reverses at the calculated switching¯eld. However, understanding the switching mechanism of magnetic thin¯lms and multilayers is highly desirable both from a fundamental point of view 4, 5 as well as for the successful integration of these layers into devices. 6, 7 We report magneto-optical Kerr e®ect (MOKE) imaging of the magnetic domain patterns of individual layer switching during soliton propagation. Two distinct nucleation site densities were observed during soliton propagation. In order to elucidate the mechanisms governing our observations, additional studies on single and trilayer systems were carried out. Whilst for the latter we see trends in nucleation density which at¯rst sight contradict those for the soliton layers, the two sets of observations can be reconciled by understanding how the roles of pinholes and orange peel coupling 8 di®er depending on whether two adjacent layers are switching from antiparallel to parallel or vice versa, combined with growth induced changes in switching behavior.
Experimental Methods
All samples were grown at room temperature by DC magnetron sputtering onto Si substrates with a native oxide at a base pressure of $ 3-7 Â 10 À8 mbar and at an Ar pressure of $ 8 Â 10 À3 mbar. The soliton stack consists of CoFeB layers with Pt/Ru/ Pt spacers grown on a Ta (4 nm)/Pt (20 nm) bu®er. Full details of the stack are given in Ref. 3 . We also fabricated two single magnetic layer samples of Ta (4 nm)/Pt (20 nm)/CoFeB (0.7 nm)/Pt (2 nm) and Ta (4 nm)/Pt (20 nm)/CoFeB (0.8 nm)/Pt (2 nm) in order to study the domain structures in individual layers corresponding to those used in the soliton stack. In order to understand exchange coupling e®ects on the domain structures, trilayer structures of Ta (4 nm)/Pt (20 nm)/CoFeB (0.8 nm)/Pt (t nm)/Ru (0.9 nm)/Pt (t nm)/CoFeB (0.7 nm)/Pt (t nm)/CoFeB (0.8 nm)/Pt (2 nm), where t varies between 0.4 nm and 0.9 nm in steps of 0.1 nm, were investigated. Room temperature polar MOKE scanning laser microscopy measurements were performed using NanoMOKE3 (with a laser spot size of 5 m in diameter) under magnetic¯elds applied along the normal surface.
STEM lamellas were prepared using a Focused Ion Beam (FEI Dualbeam Quanta) and in situ liftout technique. STEM was carried out using a FEI80-300 Titan Supertwinlens TEM operating at 300 kV equipped with a Fischione HAADFSTEM detector and Fischione tomography holders.
Soliton Ratchet
In our previous work, 3 we realized a shift register using a soliton ratchet scheme based on a perpendicular multilayer stack consisting of antiferromagnetically coupled magnetic layers. These layers have thicknesses t 1 and t 2 ð> t 1 Þ and exchange couplings J 1 and J 2 ð< J 1 Þ in an alternating manner (Fig. 1) . The ground state of the system consists of one of two possible antiparallel arrangements of the magnetic layers. A soliton is formed at the junction between the two possible antiparallel domains, consisting of two adjacent magnetic layers with parallel magnetization. In other words, the soliton is a local frustration in the antiferromagnetic coupling [indicated as a star in Fig. 1(a) ].
A soliton can be made to propagate upwards through the stack by an oscillating applied magnetic eld applied in the perpendicular z direction. The behavior of this multilayer stack can be adequately described by an Ising-Macrospin model where all layers are represented by a macrospin i , which can take the values þ1 (up) or À1 (down). We denote the coupling between a layer i and ði þ 1Þ by J i , where positive J denotes antiferromagnetic coupling, and the thickness of a layer i by t i . In addition, we use a constant for the coercivity, H c , which, in our previous study 3 , was found to be the same for all the layers in the macrospin model used to describe the system. The switchinḡ eld of layer i, sandwiched between layers i À 1 and i þ 1 is given by:
The principle of soliton propagation is illustrated in Fig. 1 . Given the initial state shown in Fig. 1(a) , where both soliton layers straddle a low J 2 coupling (the stable con¯guration at remanence), the application of a magnetic¯eld H p1 ¼ H c þ ðJ 1 -J 2 Þ=t 2 causes layer i þ 1ðt 2 Þ to°ip. Layers i þ 1 and i þ 2 are now parallel and the soliton has moved up one layer [ Fig. 1(b) ]. The soliton now straddles a high coupling J 1 and this con¯guration is unstable at remanence. A reduction of the applied¯eld from H p1 down to H p2 ¼ ÀH c þ ðJ 1 -J 2 Þ=t 1 will now cause layer i þ 2 ðt 1 Þ to°ip down before layer i þ 1 [ Fig. 1(c) ] and the soliton propagates up another layer. Still using Eq. (1), it can be shown that H p1 and H p2 are smaller than the bulk switching¯eld in the antiparallel domains. In brief, soliton propagation occurs in two steps, with t 1 soliton layers switching at H p1 upon increasing the¯eld magnitude, followed by t 2 layers switching at H p2 upon decreasing the¯eld amplitude. We stress here that only one single layer reverses its magnetization for every step of soliton propagation, therefore, complex domain wall interactions present in neighboring layers can be disregarded. 9 Full details of the soliton propagation can be found in Ref. 3. 4. Domain Imaging
Soliton propagation
Domain images corresponding to each layer switching during soliton propagation are shown in Fig. 2(b) , with the corresponding layer con¯gur-ations shown in Fig. 2(a) . The images were obtained successively within one sequence during application of alternating magnetic¯elds between H p1 and H p2 . 
Domain Imaging During Soliton Propagation in a 3D Magnetic Ratchet
As the¯eld from remanence is initially increased to H p1 , layer M4 switches and when the applied¯eld is reduced to H p2 , M5 switches. By applying H p1 again, M6 switches and upon reducing the¯eld down to H p2 , layer M7 switches. Therefore, the image sequence is M4, M5, M6, M7, M8, M9, M10 and M11 by applying magnetic¯elds in the same alternating manner. Because the even numbered layers switching at H p1 are going from down to up, whilst the odd numbered layers switching at H p2 are going from up to down, we see reversed contrast in the two sets of domain images. For even layers nucleating domains are dark colored whilst for odd layers they are light colored. Owing to the nature of soliton propagation, the switches of successive layers are well separated in magnetic¯eld so that domains nucleating in one layer only are observed at any given time.
Two major trends can be identi¯ed in the switching behavior of the layers. Firstly, there are two distinct characteristic domain patterns: even layers (t 2 ; H p1 ) reverse through domain propagation from a small density of nucleation sites, while odd layers ðt 1 ; H p2 Þ reverse through domain propagation from a higher density of nucleation sites. Secondly, the density of nucleation sites increases in both even and odd layers with increasing layer index up the stack.
Notably, the t 1 and t 2 layers have di®erent thicknesses and di®erent neighboring con¯gurations at the time of switching. More speci¯cally, during H p1 , t 2 layers go from having antiferromagnetic alignment to the neighboring layer across the stronger J 1 coupling to having a parallel alignment. During H p2 , t 1 layers go from parallel to antiparallel alignment across J 1 .
In the following sections, we study both single layers and antiferromagnetically coupled trilayer systems in order to di®erentiate between the possible causes of the observed trends.
Single layer study
In order to investigate the e®ect of layer thickness on the domain patterns, domain images were taken during the reversal of single layer¯lms of thickness t 1 (0.7 nm) and t 2 (0.8 nm). Figure 3 shows the domain images of the single layers, which are essentially identical. We also note that the layer reversal via a single expanding domain within thē eld of view ð500 Â 500 m 2 Þ is not observed in the soliton stack, suggesting that the coupling may play the dominant role in the di®erences seen in the soliton stack.
Trilayer reversal study
To examine the relation between exchange coupling and nucleation processes, samples consisting of three CoFeB layers of thickness t 2 =t 1 =t 2 antiferromagnetically coupled through Pt ðtÞ/Ru (0.9 nm)/Pt ðtÞ interlayers were grown. By varying the Pt interlayer thickness, t, between the CoFeB and Ru layers we can control 10 the antiferromagnetic coupling strength, J. In this trilayer series, the Pt thickness on both sides of Ru was varied between 0.4 nm and 0.9 nm with a step size of 0.1. Decreasing the magnitude of the magnetic¯eld from negative saturation, the¯rst layer to switch at H sw ¼ H c À 2J=t 1 is the middle layer of the trilayer, which is antiferromagnetically coupled to two layers and therefore less stable. From now on this switching will be referred to as parallel to antiparallel (P-AP), see Fig. 4(c) . However, when increasing the magnitude of the¯eld, towards negative saturation again, the middle layer will switch at H sw ¼ ÀH c À 2J=t 1 . This transition is referred to as antiparallel to parallel (AP-P) [ Fig. 4(d) ]. The value of the coupling, J, was extracted by the o®set of this minor loop for each of the trilayers, see the bottom row of Fig. 4 .
In Fig. 4 , we show images of the switching of the middle layer of the trilayer for the whole series for P-AP (a) and AP-P (b). For P-AP we see that switching always occurs via the nucleation of a single domain, similar to the single layer¯lms. For AP-P we see that the reversal proceeds via two di®erent modes. For high coupling (thinner Pt) we see the nucleation of a higher density of domains within our¯eld of view, whilst at lower coupling we again see reversal via a single domain.
Discussion
What is particularly noticeable is the asymmetry of the reversal processes for both the soliton stack and trilayers with respect to AP-P and P-AP. For the soliton stack, H p1 is an AP-P switch with respect to the higher coupling, J 1 , and H p2 is a P-AP switch with respect to J 1 . However, in the soliton stacks we see a higher density of nucleation sites for the P-AP transitions, whereas in the trilayer stacks at high exchange coupling we see the higher density for the AP-P transitions. To explain this behavior we¯rst need to understand that these two types of transitions (P-AP and AP-P) are dominated by di®er-ent sets of inhomogeneities in the coupling strength. For AP-P transitions, domains will nucleate at sites of ferromagnetic or relatively low antiferromagnetic coupling. For P-AP transitions, domains will nucleate at sites of relatively high antiferromagnetic coupling strength. Growth defects, for example pinholes and orange peel coupling, can cause local variations in the coupling strength. Pinholes create localized sites of ferromagnetic coupling between adjacent layers, whilst orange peel coupling in perpendicular layers can cause localized sites of either ferromagnetic or antiferromagnetic coupling, depending on the anisotropy of the layers. 8 For high (low) anisotropy layers, orange peel coupling causes local antiferromagnetic (ferromagnetic) interactions.
For AP-P transitions, where reversal is dominated by ferromagnetic or low antiferromagnetic coupling, nucleation is likely to be caused by pinhole defects in the coupling layer. A low but¯nite density of nucleation centers is observed for the AP-P transition in both the soliton and trilayer stacks. The change in behavior with changing J seen in the AP-P transition in the trilayer stacks [ Fig. 4(b) ] seems to suggest that the density of pinholes decreases with increasing Pt interlayer thickness. Although further systematic work is needed, our bu®er optimization work indicates that a thicker Pt underlayer results in the growth of smoother layers, potentially decreasing the amount of nucleation sites per unit area.
In the case of the soliton stack and within our model, where the reversal is dominated by defects in the antiferromagnetic coupling to adjacent layers, we can assume that the transition is dominated by the larger coupling strength, J 1 , as it involves the thinnest and most defect-sensitive coupling layer. The strength of J 1 is 650 Oe nm which is very similar to that of the 0.6 nm Pt interlayer in the trilayer series [see Fig. 4(b) ]. We see that for the H p1 switching of the M4 layer -see¯gure 2b -(H p1 transitions are AP-P transitions) we have a slightly increased density of nucleation sites from that of the equivalent trilayer. This can be explained by the fact that for the trilayers, the imaged layer is the second in the stack whilst for the soliton layers thē rst imaged layer, M4, is the fourth. The increasing density of nucleation sites observed as the layer index increases can be explained by an increase in pinhole density caused by an increase in roughness up the stack.
For the P-AP transitions, nucleation of domains occurs at areas of high antiferromagnetic coupling. These will therefore not be a®ected by the pinholes which can only cause a reduction in the antiferromagnetic coupling strength. Accordingly, the P-AP transition in the trilayer system [ Fig. 4(a) ] occurs via nucleation and propagation of a single reversed domain, similar to the single layer case (Fig. 3) . These transitions are dominated by defects in the magnetic layers themselves which cause a local reduction in the coercivity. 11 In the case of the soliton stack, however, a clear increase in the density of nucleation centers is observed for the P-AP ðH p2 Þ transition [ Fig. 2(b) -bottom] when compared to the AP-P ðH p1 Þ transition [ Fig. 2(b) top] , which seems to contradict the previous trilayer picture. However, these soliton-carrying multilayers grow in a columnar fashion (see Fig. 5 for a STEM image of a similar stack to the one measured here). This could lead to additional dipolar interactions between layers through orange peel coupling. In our system, the thin CoFeB layers have fairly high e®ective anisotropy ($ 8000-9000 Oe -see Ref. 1) . This leads to the creation of volume charges concentrated where the sharpest changes occur in the surface pro¯le which cause a local increase in the antiferromagnetic coupling with a period of half the structural period 8 (which is around 10 nm from Fig. 5) . A regular waviness with a 10 nm period would cause a uniform increase in the antiferromagnetic coupling on the scale of our observations. 11 However, we observe distinct domains, suggesting that the scale of variation of the antiferromagnetic coupling peaks is large enough to only activate the highest ones. Columnar growth may not be well approximated by a uniform waviness and is likely to lead to an irregular distribution of antiferromagnetic coupling peaks. The fact that no change in nucleation density is observed in the P-AP transition of the trilayer is explained by the di®ering waviness in the di®erent samples. As the number of layers increases, the columnar nature of the growth becomes more pronounced, as seen in Fig. 5 . This will lead to an increase in the strength of the orange peel coupling. 12 As mentioned before, the imaged layer in the trilayer (second layer) is expected to be smoother than the fourth layer in the soliton stack (M4). This picture is also in agreement with the increase in nucleation sites seen with higher index number. Whilst our description of the changes in the domain patterns is necessarily speculative, as we are not able to experimentally map pinhole densities or extract orange peel coupling strengths, it does provide a consistent explanation in terms of two well-known growth defect mechanisms.
Conclusion
In summary, we have shown MOKE imaging of individual magnetic layers during soliton propagation. The nature of soliton propagation is that only one layer switches at a time, which is essential to the work presented here.
Two distinct switching patterns were observed. In order to understand these switching patterns, we investigated two simple systems consisting of single layers with di®erent thicknesses and trilayer systems with varying exchange coupling between layers. We showed that the value of the magnetic thickness hardly plays a role in the switching behavior, whereas the relative magnetic con¯guration of neighboring layers at the time of switching, AP or P, is essential to determine the switching pattern.
We were able to see the e®ects of the degradation of the growth with increasing layer number and could describe the changes in reversal patterns using well established e®ects such as pinhole defects and orange peel coupling. This explanation remains speculative, however, the quanti¯cation of the size of these e®ects, along with identi¯cation of other possible mechanisms, requires further work.
